Introduction {#Sec1}
============

Cardiovascular diseases (CVD) are leadings cause of morbidity and mortality in China and around the world, therefore the treatment of CVD has become a public health issue with the most importance^[@CR1],\ [@CR2]^. Hypertension has been recognized as one of the highest risk factors for CVD^[@CR3]--[@CR5]^. Untreated hypertension could finally develop into CVD, hypertensive retinopathy, stroke, kidney dysfunction, disability and even death^[@CR6]^. Nowadays there are multiple targets for hypertension treatment; meanwhile there are various types of medications according to the targets including angiotensin receptor blockers, β-adrenoreceptor blockers, angiotensin converting enzyme (ACE) inhibitors, calcium channel blockers, α-adrenoreceptor antagonists, diuretics and centrally acting agents. Among these targets, ACE which subordinating to renin--angiotensin system is a powerful mechanism for controlling blood pressure^[@CR7],\ [@CR8]^. The patients with elevated plasma rennin--angiotensin activity demonstrated a five-fold increased incidence of myocardial infarction^[@CR3]^. ACE (EC 3.4.15.1, dipeptidyl carboxypeptidase) is a glycoprotein peptidyl dipeptide hydrolase which cleaves histidyl-leucine from angiotensin I forming the angiotensin II, which is a potent vasoconstrictor (Fig. [1](#Fig1){ref-type="fig"}). Inhibition of ACE has been proven to be an efficient approach to treat the cardiovascular disorders^[@CR9]^. Therefore, ACE inhibitors (ACEi) have become the preferred agents for the therapies of patients with concurrent secondary diseases^[@CR10]^. Many synthetic ACEi drugs such as captopril, benazepril and enlapril are currently widely used in hypertension and heart failure treatment, whereas, these classic ACEi exert side effects^[@CR11]--[@CR14]^, there will be a huge commercial interest in new, safe chemicals with ACE-inhibiting efficiency. Most recently, many groups have reported the discovery of natural ACEi agents in various natural sources^[@CR15]--[@CR18]^, in particular TCMs.Figure 1Reactions catalyzed by the Angiotensin-converting enzyme of lung.

TCMs including many kinds of herb-medicine and dietary therapeutics have been used in clinical treatment for thousands of years. They are widely used in the treatment of various diseases, such as cardiovascular disease, tumor, inflammation^[@CR19]--[@CR21]^. The essential of the modernization of TCMs is to confirm the pharmacological activity compounds and their mechanisms of pharmacology^[@CR21]^. Nowadays, bioactivities from TCMs have become a rich source for medicaments^[@CR21]--[@CR24]^, especially secondary metabolites in plants and their derivatives consist of a great part of medicant^[@CR20]^. Given the numerous biological resources and the rapidly expansion of new technologies such as phenotypic assays and synthetic biology, natural products still remain to be impressivecandidates for drug discovery^[@CR24]--[@CR27]^. Nowadays, there has been considerable interest in the potential for using natural product to treat hypertension, especially for people with borderline to mild high blood pressure that does not warrant the prescription of anti-hypertensive drugs^[@CR28]^. Therefore, screening of natural sources is still a straightforward strategy for the discovery of new ACEi-based anti-hypertension drugs.

In order to study the ACE inhibition, a simple, reliable and rapid method for detecting the inhibitory of ACEi is required. The inhibitory is mainly measured by detecting the conversion ratio of the substrate of ACE in the presence and absence of ACE inhibitors. Instead of Angiotensin I, some artificial substrates are commonly applied for the detection. Most commonly substrate is hippuryl-L-histidyl-L-leucine (HHL) as described by Cheung's group firstly (Fig. [1](#Fig1){ref-type="fig"})^[@CR29]^. Scientists modified this method by applying HPLC with UV detection^[@CR30],\ [@CR31]^. Van Elswijk's group invented an alternative approach for the screening of a complex sample applying a HPLC procedure with biochemical detection, which separation and bioactivity detection could be completed in one step^[@CR32]^. Moreover, these procedures are also suitable for artificial substrates too. The usage of mass spectrometry for measuring enzyme catalyzed reactions has become a good approach to monitor reactions with substrates^[@CR33]^. However, the quantification by mass spectrometry is still a challenge^[@CR34],\ [@CR35]^. In particular for the analysis of complex samples, ESI-MS combined with HPLC is the most straightforward method for the quantitative analysis of small molecules substrate, such as angiotensins^[@CR36]^.

In the recent years, bioactivity-guided fractionation has become an attractive approach for drug profiling and screening^[@CR37],\ [@CR38]^. In this study, we describe, for the first time, a bioactivity-guided fractionation via ACE Inhibiting profiling based on LC/MS -centric strategy (Fig. [2](#Fig2){ref-type="fig"}) to identify bioactive compounds from a TCM, pine needle (PN), and elucidate its bioactive mechanism. Pine has been extensively used in current clinical practice and its bark and oil have been demonstrated good anti-hypertension, antioxidant properties, anti-proliferative effect^[@CR39]--[@CR42]^, but the mechanism is still undefined. Pine needle, the leaves of the pine, is a TCM which has showed superior cardiovascular protective effects. But the cardiovascular protective bioactive compounds and mechanisms are also not well understood. Given the complexity of PN fraction and poor sensitivity of conventional spectrum measurement techniques^[@CR29],\ [@CR43]^, here we described a modified ACE active assay which is based on LC-MS and elucidated the cardioprotective factor in pine needle is a kind of flavone, which acts by inhibiting the activity of ACE. The presence of this makes pine needle a potential cardiovascular medicine.Figure 2A LC/MS centric strategy for identifying active compounds from pine needle.

Material and Methods {#Sec2}
====================

This study was carried out in accordance with the recommendations of 'the Guide for the Care and Use of Laboratory Animals of Shanghai Jiao Tong University'. The protocol was approved by the 'Ethic Committee of Shanghai Jiao Tong University'.

Materials {#Sec3}
---------

ACE from rabbit lung, HHL (Hippuryl-His-Leu), Captopril, Hippuric acid and other reagents were purchased from Sigma. Acetonitrile was HPLC grade.

Working solution preparation {#Sec4}
----------------------------

ACE was diluted in sodium-borate (SSB) buffer (6.18 g boric acid, 17.55 g NaCl in 1 L MiliQ water, pH 8.3) to 500 mU/mL. Aliquots of 100 uL were stored at −20 °C until use. 0.0179 g hippuric acid (Hip) was dissolve in 100 mL MiliQ water, 0.0215 g HHL was dissolve in 10 mL SSB buffer. Captopril was also dissolved in SSB buffer, 1 M HCl was employed as stop solution. All reagents were stored at −20 °C before use.

Standard curve and linear range assessment {#Sec5}
------------------------------------------

Hip was solved in MiliQ water as the standard solution, the high concentration group are solution with concentrations 5, 2.5, 1.25, 0.625 M, the moderate concentration group are 5, 2.5, 1.25, 0.625 mM and the low concentration group are 5, 2.5, 1.25, 0.625 µM. 15 µL Hip solution of each concentration was performed on a C18 HC column (150 × 3.0 mm i.d., particle size 5 µm), and analytes were detected at λ = 228 nm. The column was eluted with a two solvents system: (A) 0.1% trifluoroacetic acid (TFA) in water and (B) acetonitrile (ACN). The separation linear gradient (time (concentration v%, phase B)) was 0 min (85%, B)−15 min (60%, B)−20 min (10%, B) with a flow rate of 1 ml/min. Each concentration was repeated three times, and then made the standard curve and regression equation based on injection volume X (ug) as the horizontal coordinate and average peak area (Y) from three measurements as the ordinate.

Accuracy test and recovery assay {#Sec6}
--------------------------------

Five microlitre 1.0 mg/mL Hip standard solution was injected in the above system five times continually and another five times at five different time points separately in order to be validated for accuracy. 0.1, 1.0, 10.0 ug/mL Hip was injected in the above system five times to measure the recovery rate by measuring the peak area and calculate the relative standard deviation.

Determination of ACE activity {#Sec7}
-----------------------------

First, we tested the ACE activity based on the above system. The assay was performed by mixing 5 uL 500mU ACE with 45 uL inhibitor solution or SSB buffer for control. After incubated at 37 °C for 30 min, 12.5 uL of 5 mM HHL solution were added and the sample was further incubated at 37 °C for 10 min with continuous agitation at 450 rpm. The reaction was stopped by addition of 75 uL of 1 M HCl and the solution was filtered through a 0.45-um nylon syringe filter before being analyzed by reversed-phase HPLC.

The HPLC analysis was performed on a C18 HC column (150 × 3.0 mm i.d.), particle size 5 um with a Varian chromatographic system and analytes were detected at the wavelength of λ = 228 nm. The column was eluted at a flow rate of 1 mL/min with a two solvents system: (A) 0.1% TFA in water and (B) acetonitrile (ACN). The separation linear gradient was 0 min (85%, B) -- 15 min (60%, B) -- 20 min (10%, B) with1 mL/min flow rate.

ACE inhibition measurement and data visualization and clustering {#Sec8}
----------------------------------------------------------------

The calculation of ACE inhibition rate was based on the comparison between the concentration of the product, Hip, with or withnot (control sample) an inhibitor. After process in LC-MS of the control or the inhibitor, the Hip peak areas (S) obtained in the two cases were measured and the percentage of ACE inhibition (I %) was calculated in accordance withthe equation below:$$\documentclass[12pt]{minimal}
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The inhibition results were extracted for similarity analysis. The responses were visualized to demonstrate the differences in inhibition rate (red: high inhibition rate; black: low inhibition rate). In the fraction-inhibition rate matrix each column represents an inhibition rate of the specific fraction, and each row represents one fraction with three repeats. Each column and row carries equal weight. SSB buffer at an equal concentration to all fractions was employed as a negative control.

Determination of ACE-inhibitory activity of Captopril {#Sec9}
-----------------------------------------------------

Captopril was used as a reference of ACE inhibitor. The degree of ACE inhibition was measured using different volume of Captopril from 5 to 100 uL of a 5 ng/mL solution. The IC~50~ was determined from the ACE inhibition curve. Three separates experiments were realized to evaluate the IC~50~ standard deviation.

Extraction, First-dimensional fractionation of pine needle and Analysis {#Sec10}
-----------------------------------------------------------------------

The key fFractionations were performed by using mass-directed purification system (Waters, MA, USA) with a C18ME-20 mm × 250 mm, 5 um column. We loaded 0.5 mL of each fractionation on this system. The mobile phase used was 0.1% (v/v) formic acid (FA) in ACN (phase A) and 0.1% (v/v) FA in water (v/v) (phase B). The separation linear gradient was 0 min (95%, B) −30 min (70%, B) -- 45 min (10%, B). The flow rate was 20 mL/min. Total ion and UV at 280 nm were used for detection. We collected the fractions from 2 min till 45 min, and each fraction was collected every two minutes, the last two fractions were combined together. Total 20 fractions were collected for each extraction. Before the fractions were aliquot and dried in a vacuum condition, they were analyzed in the same system above with flow rate 1 ml/min. The dried fractions were then dissolved in water to 2 mg/ml, and diluted in SSB buffer before profiling.

Determination of ACE-inhibitory activity of PN first-dimensional fractionations {#Sec11}
-------------------------------------------------------------------------------

For Captopril, IC~50~ values were determined from five ACE inhibition curves obtained with different amounts of a same batch of PN fractionations or secondary fractionations of the active fraction. Other batches of the PN fractionations were then measured in regard to ACE inhibition to measure the reproducibility of the process.

Secondary fractionation of the active fractions {#Sec12}
-----------------------------------------------

After identification, the bioactive fraction was subject to secondary fractionation by using purification system same as in the first fractionation procedure. The active fraction was subjected to secondary fractions by using the C18 ME column (Acchrom, China). The mobile phase was 0.1% (v/v) FA in ACN (phase A) and 0.1% (v/v) FA in water (v/v) (phase B). The separation linear gradient was 0 min (88%, B) −20 min (85%, B) −30 min (80%, B) −40 min (20%, B). The flow rate was: 80 mL/min. We collected secondary fractions based on mass spectrum and UV peaks, also, we collected the fractions between peaks, named as Fn-P1, Fn-P2... Fn-Pn.

NMR and MS analysis of the active compound {#Sec13}
------------------------------------------

NMR spectra were detected by using NRM spectrometer(Bruker, USA), samples dissolved in D~2~O. MS spectra were obtained by using Orbitrap Elite mass spectrometry under positive mode with 180 voltages (Thermo Fisher Scientic, MA, USA).

Data visualization {#Sec14}
------------------

For each fraction's inhibitory rates were extracted for similarity analysis. For visualization, the inhibitory rates were color coded to illustrate relative differences (red: high inhibitory; black: control). Every row and column carries equal weight. The Ward hierarchical clustering algorithm and Euclidean distance metrics were used for clustering the PN fractions. SSB in the vehicle at a concentration that equals to those for all fractions was also employed as a negative control. Each fraction was assayed at three replicates.

Inhibition of ACE Activity in Rat Tissues {#Sec15}
-----------------------------------------

The procedure was modified base on Meng's research^[@CR44]^. Briefly, kidneys from male SD rats were homogenized in 20 mM pH 8.3 potassium phosphate solution with 10 µg/mL leupeptin, 2 µg/mL aprotinin, and 10 µg/mL pepstatin A. All these mixture were centrifuged 10 min at 600 g, washed, and then collected the supernatants, and the supernatants was centrifuged for 20 min at 40 000 g. Pellets were then diluted to in 100 mM potassium phosphate to 0.2 g tissue/mL to obtain the membrane suspension. The membrane suspension was used for measurements. To measure the activity of ACE, 100 µL of membrane suspensions were preincubated with 50 µL 100 µM of catechin and Captopril at 37 °C for 30 min respectively. Then 25 µL of 6.88 mM HLL was added and incubated at 37 °C for 1 h. The reaction was terminated by adding 200 µL 12% phosphoric acid. Ethyl acetate were added to extract the hippuric acid. After centrifugating 2 min at 1000 g, a 700 µL aliquot of the ethyl acetate layer was dried under a N~2~ condition. The pellet was then resuspended in 0.1% (v/v) TFA in H~2~O/acetonitrile (75:25, v/v), and the hippuric acid was determined as above.

Statistical analysis {#Sec16}
--------------------

Data were analyzed by using SPSS.

Results and Discussion {#Sec17}
======================

Validation of LC/MS-based Assay {#Sec18}
-------------------------------

### Calibration carve, recovery and repeatability of the method {#Sec19}

One of the aims of this study was to develop a fast,robust and high sensitivity HPLC/MS-based screening procedure for ACEis in crude pine needle extract by applying HHL as a substrate.By using C18 HC column, we obtained superior product separation from crude reaction-mixture samples using a loading flow of 1 mL/min. Additionally, this method showed high sensitivity and wide linear range. The regression equations of three concentration groups are:$$\documentclass[12pt]{minimal}
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This demonstrated that the linear relation between peak area and three concentration groups of Hip were good.

Also, this method showed higher recovery with high repeatability (Table [1](#Tab1){ref-type="table"}). The recovery ± SEM was 102.5 ± 1.3%, 99.1 ± 2.6%, 101.9 ± 1.5%, n = 5.Table 1Repeatability of the method.Peak Area(Hip) (n = 5)Continuous injectionDifferent time points injectionavg1997620019STEDV173.93198.32RSD0.87%0.99%

Determination of ACE activity {#Sec20}
-----------------------------

The results of HHL hydrolysis by ACE showed it needed a great amount of enzyme to reach a hydrolysis rate of 50%. We found that a steady state was obtained by a Enzyme/Substrate ratio of 2.5 mU/nM, and we moved on with this ratio for all measurements. For the incubation time, different assays demonstrated the HHL hydrolysis was optimum after 30 min incubation.

Determination of ACE-inhibitory activity of Captopril {#Sec21}
-----------------------------------------------------

The inhibition of Captopril allowed us to determine a Log IC~50~ value of −10.85 which is corresponding to a concentration of 0.014 nM. The repeated assessments demonstrated high sensibility and high stability of the Captopril in high concentration solution, whereas the stability in low concentration Captopril solution was lower than that of high concentration. This may due to the oxidative degradation at thiol function lead to Captopril- disulphide, which is no ACE inhibiting activity. A low concentration of Captopril is stable only three days at 5 °C^[@CR45]^. This explained the important standard deviation of the IC~50~ value in low concentration group (Fig. [3](#Fig3){ref-type="fig"}).Figure 3ACE-inhibitory activity of Captopril.

The ACE-inhibitory effect profiling of pine needle fractions {#Sec22}
------------------------------------------------------------

The extraction and first-dimensional fractionation of pine needle was showed as Fig. [4](#Fig4){ref-type="fig"}. We collected each fraction for 2 mins, so there were 20 fractions from each extraction. We repeated the extraction four times, each time 1 g, so total 4 g, and we combined same fractions from 4 times together. We dried and weighted each fraction. We analyzed all twenty fractions as we described in the methods, and found that the components of these fractions were extremely complex.Figure 4PN first fractionation Analysis.

The ACE activity assay afforded by LC/MS was used to profile all these first-dimensional fractionations above. Each fraction was analyzed with three replicates at 10 mg/mL. Similarity analysis using Ward hierarchical clustering algorithm and Euclidean distance metrics led to an ACEi-bioactivity phenotypic heat map. This similarity analysis categorized 20 fractions and one negative control into three major clusters (Figs [5](#Fig5){ref-type="fig"} and [6](#Fig6){ref-type="fig"}).Figure 5The heat map of PN fractions. This heat map was obtained by using similarity analysis of the inhibition rate of the each fraction. For each inhibition profile, the results were color coded -- red: high inhibition effect; black: no inhibition. False color scale bar is included to assist the data visualization. N = 3 (x axis are 3 repeats). Figure 6LC-MS analysis of fraction F2, F8, F19 (upper, middle and lower). Mobile phase A is 0.1% (v) TFA in water and B is 0.1% (v) FA in ACN. The gradient of separations was 0 min (5%, B)−15 min (95%, B). The flow rate was 1 ml/min.

Several interesting features emerged. First, among 20 fractions, hit rate was relatively high. There are almost half of the fractions showed inhibitory active (F4, 7, 5, 6, 3, 18, 8, 2, 19, 20). This hit rate was partial because of the complexity of bioactive constituents in PN extract, and also because of the crude fractionation approach used. This procedure may lead to unevenly collection of compound in multiple continuously fractions. Secondly, several of the ten fractions that showed inhibition were found mainly associated two separate fraction groups. But the similarity analysis result showed the consecutive fractions actually were not with same similarity, and the F8 with the highest inhibitory active was independent of neither groups. We speculated that the consecutive fraction group may with different compounds to be responsible for the activity and the group F2, 8, 19, 10 were the higher possibility is for the ACE inhibitory activity of PN (Fig. [5](#Fig5){ref-type="fig"}).

Identification of bioactive compound(s) in F8 {#Sec23}
---------------------------------------------

We identified the active compounds in F8 using several methods, since F8 displayed the greatest inhibition effect and less difficulty of separation among the active fractions. Firstly, we compared the LC-MS profiles of the 20 fractions (data did not show here) by monitoring UV absorbance and MS (ESI+). Results demonstrated that there were overlaps in UV absorbance and total ion chromatograms among these fractions, though each crude fraction is a complex mixture and some fractions like F2 had weak retain, even some fractions like F19 with extremely low content. Based on the inhibitory effect, the peak around 16--18 min most likely contains the most potent active compound.

Secondly, the values of Hill coefficient obtained for Captopril and the F8 were 1.83 and 1.91 respectively, expressing well the property of the ACE to possess two binding sites for low molecular weight inhibitors. This result confirms the inhibitors present in the bioactive compounds in PN fractions are low-molecular molecules.

Third, we used HPLC to prepare secondary fractions from F8 based on both UV and chromatograms. Two secondary fractions were named F8-P1 and F8-P2, corresponding to the peaks at 20.53 and 23.38 min (Fig. [7](#Fig7){ref-type="fig"}). We finally tested the dose responses of these two secondary fractions and found that only F8-P1 trigged an inhibitory effect which observed in the initial screening, and led to a dose response with log EC~50~ of 3.1 mM (n = 3) (Fig. [7a and b](#Fig7){ref-type="fig"}).Figure 7Analysis of the F8. (**a**) The two secondary fractions were collected (in red boxes). (**b**) Dose response of F8. Data represents mean ± SEM. (n = 3).

Forth, we characterized F8-P1 using HRMS and NMR. HRMS results showed that C2 has an m/z of 291.24 (Fig. [8a](#Fig8){ref-type="fig"}). 1H-NMR spectra of F8-P1 further confirmed that it is catechin (1H-NMR in D2O): 2.56--2.81 (d, 2 H), 4.86--4.88 (m, 2 H), 5.02 (s, 1 H), 5.89--5.91 (s, 2 H), 6.65--6.76 (m, 3 H), 9.48 (s, 4 H) (Fig. [8b](#Fig8){ref-type="fig"}).Figure 8NMR (**a**) and HRMS analysis (**b**) of F8-P1.

Fifth, since catechin was the bioactive chemical of F8, we selected ion m/z of 291 as the targeted species to examine the distribution of catechin in all fractions. LC/MS analysis demonstrated that the targeted molecule, catechin, in all fractions groups is enriched in F8 with the peak at 15.22 min.

All these together, these results demonstrated that the bioactive compound in pine needle extract being ACE-inhibitory active is catechin.

Effect of Catechin on ACE Inhibition in Rat Tissues {#Sec24}
---------------------------------------------------

To access ACE inhibition in a environment close to physiological condition, organ membrane suspension isolated from rat kidney was incubated with catechin and Captopril (positive control). The inhibition of equal volumes of captopril and catechin was 90% and 43.2% respectively. As observed for the purified enzyme, the ACE activity in kidney membrane suspensions was inhibited by 100 µM of catechin (p \< 0.001). The inhibition of ACE by catechin was 45% (p \< 0.001). The inhibition of ACE was also observed in tissue membrane suspension of rat testes and lungs. Catechin inhibited 56% of ACE activity in testes and 30% of ACE activity in lung respectively.

Conclusions {#Sec25}
===========

In the present study we have presented bioactivity-guided fractionation profiling strategy to identify bioactive compounds of pine needle, and to determine its action mechanism. We figured out there was high amount of catechin in the plant extract. The presence of catechin in pine needle associate to its anti-hypertension curative effect observed in clinical. Our study highlights the potential use of pine needle even other medicinal plants in drug or health food industry, its therapeutic benefits and bioactive compounds behoove further investigations.
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